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Introduction
Anatomy-based modeling of joints is still a challenge in virtual human animation with applications ranging from realistic representation for simulation of different situations to functional anatomy teaching, medical training, and computerassisted surgery planning [1] . The precise characterization of joint kinematics is essential to understand the function of any articulation. Moreover, human joints normally move along different paths at the internal and external extremities of the bone (the internal one being the proximal extremity to the joint). In the initial phase of the opening cycle, the movement is primarily rotational, but after approximately the first 20 mm of jaw opening, the main motion turns into a combination of both translations and rotations. The mandibular condyle ( Fig. 1 ) is able to move almost freely in the three-dimensional half-space bounded superiorly by the articular surface of the temporal bone. Furthermore, if both joints are assumed to be connected rigidly through the mandibular bone, the rotation of the lower mandible around an antero-posterior axis is restricted. In this (simplified) situation, it is able to move with two rotational degrees of freedom (DOFs). Otherwise, if the TMJs are assumed to maintain articular contact all the time, and the joint contact is assumed to be rigid, a translation of the condyle in a direction perpendicular to the articular surface of the temporal bone is restricted, and the number of degrees of freedom for condylar translation is also two [3] .
Any condition -normally pathologies and fractures -that prevents the normal translation of one condyle will not prevent the contralateral condyle from sliding forward normally. The result is a deviation of the chin towards the affected side. The mandible asymmetric movements lead to different condylar paths. However, since both condyles are part of the same rigid mandible, their motion patterns are not independent. Moreover, the centers of both condyles slide along curved paths, the so called condylar paths [4] . Studies on subjects with asymptomatic TMJs show that during jaw opening/closing the total rotation around the axis is 24.3 • ± 4.21 • , the translation along it 0.9 ± 0.7 mm, and its distance from the condyle 48.9 ± 9.9 mm [5] . This indicates that the origin of the axis of rotation is never located inside the condyle but often outside the mandible (see Fig. 1 ). Furthermore, the rotation axis pathways fluctuate only slightly; they are smooth and vary individually.
This work reports our results on building a model of the TMJ based on data acquired from individuals through computerized tomography (CT), magnetic resonance imaging (MRI) and magnetic motion tracking devices. Our model intends to support tailored simulations of TMJs, which would allow the correct treatment and planning of prostheses, yielding fast and effective results.
The remainder of the paper is organized as follows. Next section briefly describes some basic concepts and related works. Section 3 presents the TMJ modeling process, while Section 4 covers the analysis of the proposed model. In the last section we draw our conclusions and comments on ongoing and future work.
2.
Background and related work
Description of the TMJs motion
The medical literature describes the motion of TMJs based on many different methods, including simplifications as: the use of roll, pitch, and yaw angles [6] , instantaneous center of rotation [7] [8] [9] [10] , kinematics center [11] , helical axis [5, [11] [12] [13] , and non-orthogonal floating axis system methods [14] . All of these works only deal with the capture and analysis of the jaw motion, without formalizing a model that aims at simulating motion with different bones morphologies. The instantaneous center of rotation (ICR) is typically computed from discrete displacements of at least two points measured on the moving body [7, 9, 10] . Increments in body movement result in a group of points formed by the corresponding loci of ICRs. Information obtained by the ICR method can be used to determine whether a body motion is pure rotation. If so, the method can be used to determine the location of the true rotation center. The ICR method can also be used to approximate the path of a moving body if the increments are small, in which case the incremental steps are represented by arcs.
There is a controversy about the location of the jaw ICR [15] . Some authors state that there is no consistent location [19, 20, 8] ; others locate the ICR (1) at the top of the condyle [7] ; (2) at the mastoid process [16] ; (3) at the neck of the mandible [17] ; and (4) on a curve that was distant from the mandibular condyle [18] . Two reasons for this diversity of views can be attributed to measurement errors of the different kinds of motion capture devices or the deformation of the skin where the sensor is attached.
Our study uses the ICR concept to calculate only the initial TMJs center of rotation because it has an important limitation to the TMJs case: ICR location is independent of increment size, if, and only if, the actual movement is pure rotation. Previous studies only aimed at defining the TMJs instantaneous centers of rotation at varying points during jaw movement. They are not adequate to quantify motion parameters based on a fixed center of rotation or when movement is composed by relative contributions of rotations and translations. Thus, the motion of the mandible is a complex motion that cannot be easily determined in terms of pure hinge axis rotation.
Two significant improved methods were provided by the helical axis (HA) and non-orthogonal floating axis system. The helical axis or screw axis is a mathematical model which can be used to describe comprehensively the movements of a rigid body [21] and is frequently used in biomechanics to model joints function [22] [23] [24] . If one knows the orientation and position of the helical axis, one can calculate the motion of any point of the rigid body. Although the helical axis method expresses the spatial motion of a rigid body as the combination of a translation along an axis in space and a rotation around it, it has been used to study in-vivo mandible displacements [5, [11] [12] [13] . The controversial point about TMJ modeling with HA is that the more significant jaw rotations are not around axis of translation but they are around axes which intercept the axis of translation (see Fig. 2 ).
Leader et al. [14] represented mandibular kinematics using a non-orthogonal floating axis joint coordinate system based on 3D geometric models. Kinematic data captured by an optical motion capture device were registered with the 3D geometric model based on MRI images. Lemoine et al. [2, 39] developed a geometry-based algorithm for predicting in vivo mandibular movements. They acquired data using a 3D optical tracking system and sagittal radiographs, and validated the algorithm by predicting the mandibular movement on a cadaver and in a living subject.
All previous authors described jaw motion based in one single joint. To represent the counterbalanced motion between TMJs right and left and to better fit the model to pathological TMJ patients, where one joint works better than, and in a different way, from the other, our work represents TMJs as separated coordinated systems that are interconnected, i.e., motion of one affects the other. The joint internal motion is inferred by using inverse kinematics and bones collision detection and avoidance. In this way, the model can be fit to the data of patients with different bone and teeth morphology.
Models of joints
Introducing individual characteristics based on real data and accurate anatomically based complexities of real joints to the traditional hierarchy of joint transformations can lead to improved realism in human character animation. Many works present different human joints modeling trying to incorporate some complexities and restrictions of real joints. In biomechanics, a single joint is usually represented by a set of non-orthogonal, arbitrary axes of rotation [25] , which can be easily adapted to model human articulations. For example, to model the shoulder joint it is necessary to consider the closed loop consisting of the clavicle, scapula and thoracic surface of the rib cage, which creates a coupling among all these bones. Maurel and Thalmann [26] developed a model where the scapula is linked to the thorax by a 5-DOFs joint (three rotational and two translational), while the other three shoulder joints are 3-DOFs joints.
Other structures also exhibit a high degree of coupled behavior, like the human spine with the tightly coupled vertebrae. Monheit and Badler [27] exploited this fact to develop a kinematics model of the human spine that exhibits flexion/extension, lateral bending and axial twist rotation. Later on, Lee and Terzopoulos [28] introduced a biomechanical model of the human head-neck system. Emulating the relevant anatomy, that model was characterized by appropriate kinematics redundancy (seven cervical vertebrae coupled by 3-DOF joints).
Regarding the three-dimensional (3D) modeling of specific motion involving the mouth opening and closing, Enciso et al. [29] proposed a method which applies 3D motion data obtained from an ultrasonic motion tracker to the segmented mandible of a craniofacial model reconstructed from a CT sequence. To capture the mandible movement they used ultrasonic sensors attached to a head-frame and emitters firmly attached to the mandibular dentition. The advantage of this system was that it was non-invasive, easy-of-use, and provided 3D motion capture in real-time.
Fushima et al. [30] reconstructed the TMJ based on real kinematics data to analyze specifically the TMJ intra-articular space variation during mastication. The reconstruction of the anatomy of the joint was based on tomographic data, while the real movement was recorded with a non-invasive tracking device. These two works [29, 30] , however, do not provide a general model capable of supporting the study and simulation of this complex joint in different situations.
Recently, Celebi et al. [31] developed a mandibular motion simulator for total joint replacement using a human cadaver head. Two sets of tracking balls were attached to the forehead and mandible, respectively. The cadaver head was then dissected to attach the muscle activation cables and mounted onto the TMJ simulator. The main purpose was the creation of a methodology for re-creating TMJ kinematics in a cadaveric model and analyzing the movement in the computer before and after total TMJ replacement.
General models intended to represent the complex behavior of joints in articulated figures were presented by Maciel et al. [32] and Shao and Ng-Thow-Hing [33] . In both works, joints are represented in a tree topology, where the position and orientation of the joint can interfere in the motion ranges of other joints. Also the axes of their frames can slide along a curve during rotations. Both situations are often present in the kinematics of real anatomic joints.
In the model developed by Maciel et al. [32] , every joint in the tree hierarchy has its own reference frame represented by a 4 × 4 homogeneous matrix called LIM (Local Instance Matrix), which establishes the relationship between the joint and its parent joint. The root of the hierarchy is the Global Reference Frame. The motion of each joint is defined by entities that represent their translational and rotational DOFs: to each such DOF corresponds a DOF-entity. Each DOF-entity is, in fact, a Local Reference Frame also represented by a 4 × 4 homogeneous matrix (LIM dof ). Geometric primitives or polygonal meshes can be associated to any joint in the hierarchy by means of a LIM object . A generic joint is able to describe any kind of relative motion between two or more adjacent segments of the body. Such motion can be given by: (a) a rotation around one axis; (b) a composed rotation around two or three axes; (c) a translation in one to three axes directions; (d) rotations associated to translations; and (e) a rotation around a sliding axis. Each joint is controlled by a number of such entities, which control the motion of the segment.
Although a tree hierarchy does not fit to the TMJ topology, we adopted the model proposed by Maciel et al. due to the possibility of adapting it to the case of two interconnected joints [34] . Next section presents our temporomandibular joint model based on a new topology characterized by interdependent behavior between two joints.
TMJ model
Our temporomandibular joint model consists actually of a pair of joints with three rotational and three translational DOFs each, controlling together the movements of only one bone, the mandible. Movement restrictions are due to bones collision and joints topology (motion of one joint interferes in the adjacent one). Each joint has its own reference frame but its behavior, in terms of rotation and translation, is also dependent on the adjacent joint. The condyles describe an internal (condylar) motion path. The TMJ reference frames provide the position and orientation of the geometric object representing the mandible. Geometric models of the teeth, and bones of the cranium and mandible were extracted from CT scanning of a volunteer without TMJs pathologies [35] . Real motion data were needed to analyze and model the behavior of the TMJs and to understand how the morphology of the bones and teeth influence the function of TMJs.
Interdependent joints topology
The temporomandibular joint is actually composed of two joints -TMJ left and TMJ right -with an interdependent relationship between them (Fig. 4) . It means that both are responsible for moving the same bone, the mandible. In this way, a tree topology -typically used to model virtual humans where each graphic object representing a bone is child of a single joint -is not appropriate to the TMJ case. Another method could be the continuously interchange of parenthood relationship between mandible and TMJs ( Fig. 3a) . In this topology, the parent of the mandible graphic representation would alternate between left and right TMJs during each motion step. But this kind of topology becomes inappropriate too. When one joint (say the left TMJ, for example) (Fig. 3b ) controls the motion, the mandible is positioned and oriented related to it.
However, when the motion control alternates to the adjacent TMJ (the right one), the inverse happens, and the mandible is positioned and oriented in relation to the right TMJ (Fig. 3c) . The previous mandible position is not maintained when there is a transition from motion step b to motion step c. However, the mandible must always rotate from its previous position independently if the joints alternate in guiding its motion. See Fig. 3f , where each mandible motion step keeps the last position as the origin (Fig. 3e ) of the next movement. This topology resembles a 'walking' pattern while performing only rotations.
In our interdependent joints model, TMJ left and TMJ right are represented by two reference frames described by two vector basis (B left and B right ) and two origin points (O left and O right ) (Eqs. (1) and (2)). The O left and O right are positioned in the Global Reference Frame (GRF). Mandible orientation and position related to GRF are controlled by transformations represented in a Global Instance Matrix (GIM), which deals with the counterbalanced motion between left and right TMJs. Each new GIM mandible is simply obtained through the multiplication of the old GIM mandible by B left or B right , depending on which is in charge of the movement (Eqs. (3) and (4)). Initially, GIM mandible is the identity matrix. After rotations, GIM mandible continues to represent a rotation since the arbitrary product of rotation matrices is itself a rotation matrix.
When the mandible bone moves based on one of the TMJs, the origin of the adjacent TMJ also moves. For example, if the movement at a certain instant of time is a rotation around an arbitrary vector of TMJ right , the origin of TMJ left is updated as in Eq. (5) . Fig. 4 shows an exaggerated representation of mandible motion along three time steps. Fig. 4a shows a mandible at the initial position when GIM mandible is the identity matrix. When a rotation around a vector u is applied to TMJ right (Fig. 4b) , the origin of the adjacent joint (O left ) and the mandible also rotate around the same axis. At the next motion step (Fig. 4c) , another rotation is applied, this time around a vector v of TMJ left . The control of the mandible motion changes as well as the origin of TMJ right (O right ) and the mandible rotates around v. The old position and orientation of TMJ right and mandible are kept, and the new motion step is performed from this position. Through this kind of topology the transformations that occur in one TMJ will affect the other one. GIM mandible always controls the position and orientation of the graphic object which represents the mandible by accumulating the transformations performed by both TMJs. 
Motion model
The motion model is based on a Catmul-Rom spline that describes the incisal path (i.e., the path followed by a point located between the lower incisive teeth). The curve was derived from a set of real data captured from of a volunteer without any TMJ pathology [35] . To reproduce the motion of the mandible, we need to infer the internal (condylar) path based on the external (incisal) one. An inverse kinematic method was applied to infer the rotations and translations at each TMJ needed to move the mandible. The set of positions of both TMJs reference frames obtained by this method represents the TMJs internal paths.
Both TMJs in our model have three DOFs of rotation. As any ball-and-socket joint, the TMJs rotation axes are free to change at each time step. It means that their directions are not fixed and can be decomposed into three DOFS. The origins of joints frames are placed at initial ICRs (Section 3.2.1). At each mandible motion step, rotation occurs around a new axis with its corresponding angle of rotation defined by the external motion path and bones collision avoidance (Section 3.2.2) (Fig. 5) .
Next sections give details about each component of our model of motion.
Positioning the initial instantaneous center of rotation
The instantaneous center of rotation (ICR) method proposed by Lepera [17] , sometimes referred to as the 'hinge axis', is often used in joint mechanics analysis to find the center of rotation when a movement is described only by rotations. Jaw movement is primarily rotational only at the first millimeters of opening; so, only the initial ICRs are calculated from input data. After that, the next ICR points will follow the TMJs condylar path, which is obtained from the incisal path and the collision avoidance between the mandible and the cranium bones.
Initial ICRs (for right and left TMJs) were obtained through calculations using fiducial points on dynamic MRI data. The mandible area was segmented on MRI images taken from two different positions of a volunteer: first, with the jaw totally closed, and then with the jaw partially open at two centimeters (Fig. 6) . The two anatomical fiducial marks were located at the top of condyles (i) and at the center, between the low incisives (j). Consider the movement of these two points (i t ; j t ) from time t to t + 1 (i t+1 ; j t+1 ). The ICR for this increment of movement can be calculated by tracing perpendicular bisectors between the lines (i t ) to (i t+1 ) and (j t ) to (j t+1 ). The ICR is at the intersection point of the bisectors (Fig. 6 ).
Condylar path derivation
Having obtained the ICRs that determine the starting point of each condylar path, the rest of this path is obtained from inverse kinematics and collision avoidance.
For inverse kinematics, the incisal point is set as endeffector, and each sample point along the Catmull-Rom spline is set as a goal position. The linkage is simple enough for directly calculating joint angles by using an analytical approach as there is only one rigid segment (mandible) connected to TM joints. Cross product between the vector originated at TMJ frame center to the incisal point and the vector from the same origin to the captured point gives the joint axis of rotation (Fig. 7) . The angle of rotation is obtained by dot product between these vectors. First of all, mandible rotation tries to reach the goal position. If this is not sufficient, a mandible translation is performed. Translation moves both TMJ's origins and the mandible graphic object. The normal condylar path corresponds to this sequence of transformations. Since the model was derived from a specific normal subject, it would not be valid without fitting to different bones and teeth morphologies. Next section presents the generalization of our TMJ motion model.
Condylar path and morphology
The normal condylar path is represented by the sequence of transformations that should be applied to TMJ left and TMJ right to move the mandible. Applying the same sequence of transformations to different bones morphology for sure would result in collision between the jaw and temporal bones in the condylar socket. So, the model is completed by a collision detection and treatment method, to avoid interpenetration of meshes representing the bones of the cranium and the mandible. The collision detection module uses Oriented Bounding Boxes hierarchies [36] to check, at each motion iteration, if there is a collision. Once a collision is detected, when a rotation is performed, the origin of the reference frames that represent the TMJs should be moved to a point closer to the joint. The cause of this adjustment is that the closer the origin of the rotation axes is to the condyle center, less the condyle will dislocate inside the condylar socket (Fig. 8) . This adjustment is accomplished through a sequence of small steps of reference frames displacements until the rotation does not cause collision anymore.
Otherwise, if a collision is detected during a mandible translation, the algorithm will determine iteratively a different displacement. At first, a shorter translation is tried along the same direction. If a collision is still detected, the algorithm adjusts the origin of the translation in the sagittal plane based on the current TMJ origin and on the collision point (Fig. 9 ).
Discussion
This section discusses the analysis of our TMJ model, which was performed with two main objectives. The first one is related to its verification, i.e., the evaluation of its correctness in relation to the real data used for its proper development, while the second analysis aimed at its validation for evaluation of its applicability to other geometric models (representing different subjects), exactly to prove the hypothesis of the relation between shape and function in this joint.
Model verification
Verification is of vital importance for a model like this to be used in medical applications. It was accomplished through the comparison between the simulated and the real movements of the same subject, as well as through the analysis of the simulated opening-closing movement of the standard, normal TMJ and its comparison against the information in the classical literature. 
Analysis of poses
In this section we describe the comparison based on a registration process between medical images showing the subject in different poses with the polygon mesh representing the subject's mandible in the simulated analogous poses. Through an image registration process it is possible to transform the different datasets (dynamic MRI and 3D model at different motion positions) into one coordinate system. A basic image/set of points similarity-based registration method consists of a transformation model, which is applied to a set of coordinates in order to find their corresponding coordinates in the target image space.
For this registration process, three mandible positions were chosen: (a) mouth closed, (b) mouth with one centimeter opening, and (c) mouth with a three centimeters opening. Although CT images would be better to segment bones, this kind of exam is not indicated to capture the movement for a dynamic validation and there is also the problem of high X-ray exposition. So, we used images obtained from dynamic MRI even knowing that these would yield lower quality segmentation. Observing Fig. 10 , it can be noticed that jaw edges are not so clear, but the resulting segmentation was enough for the registration process.
We used an image similarity metric that quantifies the correspondence between mesh points and features in image space achieved by a transformation called Match Criterion Value (MCV), and an optimization algorithm that tries to maximize the mesh points and image similarity by changing the transformation parameters. The implementation of Saito's Euclidean Distance Transform [37] found in [38] was applied. The algorithm has an O(N 4/3 ) complexity, where N is the number of mesh points. The Match Criterion Value transformation [38] gives a quantitative assessment of the registration accuracy. For evaluation purposes, we used the MCV as a result from the registration between the dynamic MRI poses and the set of points extracted from the mandible mesh. It measures how mesh points match with the mandible region segmented on MRI images. We also calculated a MCV between the CT and the mandible mesh as a comparison parameter with the MRI vs. mesh transformed by the model registration to know how good the obtained results were (Table 1) . Obviously, registration between the CT and the mandible mesh is the better one because the mesh was extracted directly from CT, but the other results are very close and thus can be considered good for our verification purpose.
Motion analysis
This section discusses results related to a set of simulations concerning to the motion of a normal articulation. As described in Section 3.2.3, our model was developed based on the complete movement (of the incisal point) of the mandible from closed mouth configuration to maximum jaw opening. In this way, we can investigate how shorter movements, as those involved in mastication, for example, influence the TMJ condylar motion. Moreover, we are able to study other relationships like the one between the downward and forward translation of the jaw on its axial plane and the forward translation of the TMJ origin along the condylar path.
For the analysis of the magnitudes of the transformations that the jaw suffers during the opening-closing movement, we captured the incisal pathway from the total closed mouth (0 mm between the incisal point and the inferior part of superior incisive teeth) until total depression of the mouth (44 mm) as well as the pathway of mouth closing (44-0 mm). During this movement, the largest increase of rotation magnitude measured, for the angular displacement on the sagittal plane, was during the first 10 mm of mouth opening. On the other hand, the decrease of the angular displacement during the closing movement is smooth, as shown in Fig. 11 . We can also observe a small lateral deviation of the jaw measured by angular displacements (Fig. 12) .
A point to be noticed in our work is that although the model was developed from measures taken from TMJs considered normal for medical standards, we cannot compare the motion we obtain from our model with the motion of mechanical joints. There is always a small disparity in condylar and maxillar forms between the left and right TMJs as well as different muscular forces applied to each one. Moreover, the condyles do not have the morphology of a perfect cylindrical surface and they differ from each other. Also, the initial centers of rotation of both TMJs are different, and they do not have the same alignment in none of the planes (coronal, axial and sagittal). All these characteristics yield different jaw angular displacements for each TMJ, beyond the lateral displacements that occur during the mandibular depression and the small motion variations demonstrated in Figs. 11 and 12 .
During the mandible depression, the more significant contribution of magnitudes of translations are noticed in the anteroposterior and superoinferior directions (Fig. 13) if compared with another type of movement, as in the one of chewing, for example, where there is almost no contribution from translations. The variation in the magnitude of rotations and number of translations that occur during mouth opening if compared with the closing movement confirms the classical comments of Posselt [40] that the jaw covers different pathways during its depression and elevation.
In order to investigate the difference between the captured and the simulated movement for the same patient, we plot both paths in three views: sagittal, frontal and axial. We also chose three different points at similar positions on each path and compared them (Fig. 14) : first, at the top of the path in the sagittal view; second, at the bottom and another one, approximately in the center of the path (the blue marks, in Fig. 14) . During the opening/closing movement, the maximum difference in their positions were: 4.3 mm (top point), 5.4 mm (bottom points) and 4.75 mm (middle points).
The results presented here in terms of magnitude of translation in the sagittal plane are very similar to the results presented by Lemoine et al. [39] . The incisal point translation recorded by them shows a maximal magnitude of 4 mm in the superoinferior direction and a maximal magnitude of 10 mm in the anteroposterior one. In terms of the magnitude of rotation of the mandible, our work presents almost the double magnitude in comparison with their work. This difference might be due to the fact that we used the ICR method to calculate the initial center of rotation, and its position changes during the simulation to avoid collision between the condyle and the condylar socket. In their work, Lemoine et al. [39] used the geometric center of the condyle to predict the mandibular movement.
We can also compare our results against the recent work of Celebi et al. [31] . This work shows the simulation of mandibular opening motion at the lower incisor based on cadaver muscle activation. Incisal point at sagittal view performs around 20 mm of displacement at anterior-posterior direction and 45 mm at inferior-superior direction. In terms of lateral displacement it performs 24 mm. It is very closed concerning the incisal point path simulated and captured showed at Fig. 14 .
In the next subsection we discuss the validation of the model by applying it to simulate movements of the TMJs with different bone and teeth morphologies.
Model validation
Model validation is concerned to its applicability to the intended purpose. In the case of the TMJ model, we intended to use it in the prediction of the TMJ behavior in the presence of different normal or abnormal bones and teeth morphologies.
To validate the proposed model, it underwent through a second set of analyses where we capture the jaw movements from individuals with different morphologies and compared them to the respective simulated movements. These analyses are described in the following subsections.
Data acquisition for validation
An important point in our validation method was the avoidance of new CTs and MRIs in the subjects that volunteered for this analysis. The polygons meshes representing the cranium and mandible of these volunteers were created based on the original mesh we obtained from the subject who has the TMJ without pathologies.
Cephalometric measures of two individuals were used for customyzing the polygonal mesh originally extracted from CT images. The lines observed in the cephalometry are projections, as well as the points of the skull that are projected in the X-Ray image. For registering the projected cephalometric measures to mesh measures, we used two X-Ray examinations (one frontal and another lateral) with its respective cephalometries. The cephalometric measures were extracted from three known analyses: Frontal of Rickets, Lateral USP and Macnamara. The first one is the common frontal analysis obtained from radiology laboratories while the second and third ones are frequently used for diagnosis in maxillofacial orthognathic surgeries. One of the volunteers has a normal TMJ and the second one has a pathological TMJ.
From these analyses we extracted measures of the lines necessary for the adaptation of the basic mesh to obtain Other auxiliary measures were also extracted directly from the cephalometric tracings even if they are not used for regular cephalometric analysis. From the original standard (normal) mesh, two new meshes were generated based on the measures described above. The process was carried out through the use of 3DS Max ® , following the steps described below:
(1) Some points were marked in the original mesh to serve as basis for the measures in the reconstruction process ( Fig. 16(1) ). (2) A triangle was traced linking the goniac intersection, the condylar point and the gnathion in the basic mesh ( Fig. 16(2) , red lines). We then take the position of the goniac intersection in the cephalometry of a volunteer, and superimposed it to the goniac intersection previously marked. Moreover, based on the same cephalometry, we traced another triangle composed by the goniac intersection, the pogonion and the condylar points ( Fig. 16(2) , yellow lines). This triangle was traced in a way that the direction of the line goniac -pogonion, on the sagittal plane was preserved. Adapting the basic mesh to a volunteer mandible model requires adjusting the yellow triangle to the red triangle. (3) Superimposing the cephalometry frontal view and the basic mesh frontal view allowed us to extract the other measures we need to transform the basic mesh into the volunteer model. The position of the gnathion was obtained from the measure of the superior part of inferior teeth to the inferior part of the chin ( Fig. 16(3) , yellow vertical central line). The frontal position of the pogonion was also extracted from this same line. The distance between the two goniac intersections was obtained from the measure of the line that links both goniac intersection points ( Fig. 16(3) , yellow horizontal central line). The same was done between the two condylar points in the frontal plane ( Fig. 16(3) , yellow horizontal superior line). With these measures, which represent the differences between the points in the basic mesh and the points of a volunteer's mandible ( Fig. 16(3) , yellow lines), we applied transformations modifying the basic mesh into a volunteer mandible model ( Fig. 16(3) , blue lines). Fig. 16(4) and (5) shows the frontal and sagittal views of the modified mesh, respectively. 
Simulated and acquired motion comparison
To compare the real movements of the volunteers and the ones generated by the model, we captured their mouth opening-closing movement, i.e., the positions of the incisal point during jaw depression-jaw elevation, in the same way the standard pathway was captured.
We captured 15 incisal point paths for each volunteer, and registered them in the respective geometric representation of the skull of each individual. Then, we simulated the opening-closing movement using the TMJ model for each subject.
The captured and the simulated points of each individual were plotted in the sagittal, axial and frontal planes. Based on the fact that the geometric model was obtained from a standard skull manually adapted with the use of cephalometric measures, we conclude that TMJ model is sufficiently consistent. We suggest that with a more precise geometric model, the simulated movements would be even closer to the real ones.
Conclusions
In this paper we introduced a model to simulate the temporomandibular joint behavior of human beings. The TMJ model is based on a joints' topology, which deals with the balanced motion between right and left TMJs useful to simulate pathologies that affect one TMJ in a different way of the other. The TMJ motion model was obtained from real data: CT and dynamic MRI images for 3D model reconstruction and model validation, and a motion path obtained through a magnetic motion capture system. TMJ model was also applied to different mandible morphologies to analyze and compare motion generated by the TMJ model and real mandible movements. The main contribution of this model is its ability to deal with the complex movement of the TMJ in a simple way, due to its joints topology that takes into account the linking between the right and left TMJ and the reconstruction of the internal movement from the external path. Most important is the possibility of applying the model to simulate the movement of this joint for different bone and teeth morphologies. From our knowledge, this is the first time one define the TMJ model with such level of detail. In fact, a model is always a simplification of reality. This work is also a simplification of the complex motion of TMJs but it encompasses the maximum possible real parameters extracted from a volunteer with normal TMJs.
One of the limitations of this work is that examples with real patients with very pathological TMJs were not used in our validation process. We do have some preliminary results on mandible motion from an individual with only one normal TMJ, but the complete analysis is still future work. Other limitation affecting the accuracy of the simulated motion is due to the magnetic process of data capture. The acquired trajectories, for parameterizing the simulation, are usually noisy and have to be filtered before their use in our model. With a possibly smaller influence in the simulation, segmentation of cranium and mandible bones can introduce some inaccuracy. However, we have not investigated the extent of this limitation because we used only a single geometric model coming from an individual. The different models used for validation were obtained by deformation of that one based on cephalometric measures from the two volunteers. Also, since mandible motion path presents small changes even in different masticatory cycles of the same individual, it is very difficult to reproduce exactly the same real motion path during the simulation. We still need to investigate what is the condition (segmentation, 3D model reconstruction or acquired path) that influence most the approximation error. Nevertheless, considering the validation process we performed, the model is a good approximation of real movements. Moreover, since we can take the geometric model and change it according cephalometric measures from living individuals, the model can be used to investigate the relationship of facial morphology and mandibular movement, which is still an open problem [41] .
As future works we intend to simulate small mastication movement patterns and analyze how they change based on teeth and food collision. We also intend to work in a complete simulator based on this model to apply it to dentistry education, in orthodontic adjustment of occlusions, or in the planning of craniofacial surgeries to improve post-operative treatment. Through the use of diverse computer graphics techniques, it can also be applied to the physical simulation of muscular forces and soft tissues deformation that involves the mastication system beyond the treatment of collisions between anatomical structures and foods. The fact of this study requires the definition and the manipulation of variables still ignored in the skull-mandibular research (in contrast to research in other areas of the muscle-skeletal complex) does not reduce its value. On the other way, the work contemplated by this project can become a way to understand its biomechanics role.
